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ABSTRACT 

Harvested  ferroelectric  nanoparticles  of  BaTi03  and  LiNb03  were  dispersed 
in  Ferroelectric  Liquid  Crystals  (FLCs)  with  very  high  spontaneous 
polarization  (Ps).  The  electrooptic  and  dielectric  parameters  were 
documented.  The  dipoles  of  ferroelectric  nanoparticles  and  those  of  FLCs 
are  partially  cancelled  in  an  antiparallel  manner.  The  role  of  cell 
parameters  like  thickness  of  the  Nylon  6  polymer  layer  and  the  change  in 
preparation  of  the  polymer  layer  due  to  different  mechanical  rubbing 
cycles  has  been  described  for  one  high-Ps  FLC  and  for  high-Ps  FLC/BaTi03 
nanocolloids.  Cell  properties  depend  strongly  on  anchoring  forces  which 
might  interact  with  dipoles  both  from  ferroelectric  nanoparticles  and 
high-Ps  FLCs. 
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Introduction 

Nematic  Liquid  Crystals  are  unique  soft  materials,  widely  used  in  the  modern  technological 
world  in  TVs,  displays,  smartphones  etc.  Still  there  is  a  need  for  improving  parameters  of 
Nematic  Liquid  Crystals  allowing  for  rapidly  changing  moving  pictures  during  the  time 
frame  below  about  5-10  ms.  Ferroelectric  Liquid  Crystals  (FLCs)  could  fill  this  gap 
bearing  some  advantages  over  Nematic  Liquid  Crystals,  mainly  a  fast  switching  time  in  the 
microsecond  range,  better  optical  contrast,  and  low  threshold  voltage.  FLCs  are  layered  Liq¬ 
uid  Crystals,  tilted  and  containing  a  chiral  group  within  the  molecule  [1,2].  Numerous  sug¬ 
gestions  for  applying  FLCs  in  fast  moving  devices  have  been  described,  but  even  for  FLCs 
there  is  a  need  for  improving  relevant  properties.  For  instance  the  stability  against  mechani¬ 
cal  attacks  is  a  critical  point.  In  this  context  improving  material  aspects  is  important,  but 
even  the  optimization  of  cell  parameters  must  be  taken  into  consideration.  Recently,  Lapanik 
et  al.  [3]  presented  a  way  to  overcome  the  problem  of  mechanical  instability  of  FLCs  just 
by  selecting  proper  compositions.  On  the  other  hand  for  nematic  chiral  LCs  switching  pro¬ 
cesses  could  be  improved  leading  to  switching  times  of  chiral  nematics  down  to  the  level  of 
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microseconds  [4].  There  is  space  for  improving  the  FLC  properties  but  even  for  the  case  of 
(chiral)  Nematics. 

Recently  very  strong  activities  have  been  started  to  work  with  and  understand  the  func¬ 
tion  of  nanoparticles  dispersed  in  both  Nematic  and  Ferroelectric  Liquid  Crystals.  Fascinat¬ 
ing  results  were  documented  in  [5].  Nano  dopants  used  are  from  different  functionalities 
such  as  Single-  or  Multiwalled  Carbon  Nanotubes,  Graphene,  CdSe-dots,  and  many  more. 
The  aim  of  this  investigation  is  to  study  the  influence  of  nanoparticles  dispersed  in  liquid 
crystals  on  physical  properties,  and  even  search  for  improving  relevant  parameters,  for 
instance  the  switching  time. 

Among  other  topics  we  are  interested  in  ferroelectric  nanoparticles  like  BaTi03  [6]  and 
LiNb03  [7]  dispersed  in  Ferroelectric  Liquid  Crystals.  BaTi03  in  the  tetragonal  bulk  phase 
showed  a  polarization  26  fiC/cm2  whereas  LiNb03  71  fiC/cm2.  After  the  milling  of  such  solid 
state  ferroelectric  materials,  the  strongest  dipoles  were  selected  via  harvesting  under  a  large 
electric  DC  field  gradient  [8,9]  leading  to  applicable  nanoparticles  for  preparation  of  FLC 
nanocolloids.  Due  to  the  incorporation  of  ferroelectric  nanoparticles  in  different  FLC  mix¬ 
tures  the  electro -optical  parameters  were  remarkably  changed. 

In  detail  BaTi03  harvested  nanoparticles  of  three  different  sizes  and  of  two  different  con¬ 
centrations  were  dispersed  in  three  different  FLC  mixtures  showing  different  values  of  spon¬ 
taneous  polarization  (Ps)  [6].  With  help  of  electrooptic  and  dielectric  methods  the  FLC/ 
BaTi03  nanocolloids  were  investigated.  Similar  results  were  obtained  in  [10]  and  [11]  for 
FLC/BaTi03  nanocomposites  studied  on  non-  harvested  materials. 

LiNb03  was  investigated  only  for  nanoparticles  of  25  nm  averaged  size  but  different  con¬ 
centration  in  a  different  FLC  mixture  resulting  in  a  Ps  of  about  65  nC/cm2  at  room  tempera¬ 
ture  for  a  cell  of  thickness  1.5  /xm  [7]. 

Cell  properties  dependent  on  the  electrooptic  parameters  of  FLCs  were  selectively  pre¬ 
sented  in  the  literature.  An  updated  overview  has  been  given  very  recently  by  Prakash  et  al. 
[12]  on  the  dependence  of  electrooptic  and  dielectric  properties  on  the  cell  thickness.  In  their 
work  on  Surface  Stabilized  cells  with  ITO  electrodes  and  polyimide  rubbed  alignment  layers, 
the  electrooptic  and  dielectric  parameters  were  described  for  different  cell  thicknesses. 
Shashidhar  et  al.  [13]  used  a  FLC  with  high  Ps  (~250  nC/cm2)  in  a  cell,  one  glass  plate  pat¬ 
terned  with  a  gold  electrode  and  the  other  decorated  with  an  ITO  electrode  and  SiO  align¬ 
ment  layer:  they  described  no  change  of  Ps  by  changing  the  cell  thickness.  A  strong  influence 
on  the  electrooptic  properties  is  due  to  the  anchoring  energy  which  has  been  described  as 
inversely  proportional  to  the  switching  time  [14]. 

The  aim  of  this  contribution  is  the  following:  in  the  first  part  we  wanted  to  test  the  electroop¬ 
tic  and  dielectric  parameters  for  LiNb03  dispersed  in  a  FLC  mixture  with  much  higher  Ps 
(~200  nC/cm2)  than  used  in  [7],  for  a  2  /xm  thick  cell.  Next  we  studied  how  cell  properties  influ¬ 
ence  the  electrooptic  and  dielectric  parameters  of  undoped  FLC  and  doped  FLC.  As  one  exam¬ 
ple,  we  used  different  repetitions  of  rubbing  on  the  polymer  layer  Nylon  6,  this  was  for  BaTi03 
dispersed  in  FLC  mixture  with  the  acronym  LNSM6  [6] .  Finally,  we  explored  how  the  thickness 
of  Nylon  6  polymer  layer  influences  the  electrooptic  and  dielectric  parameters  of  undoped  FLC. 

Experimental 

Harvested  ferroelectric  nanoparticles  of  LiNb03  and  BaTi03  used  in  the  present  study  were 
prepared  via  a  milling  technique  [8,15].  The  detailed  procedure  of  nano  particle  preparation, 
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their  size  estimation,  and  other  basic  characterizations  are  reported  elsewhere  [6,7].  The 
average  sizes  of  LiNb03  and  BaTi03  nanoparticles  used  in  this  study  were  ^25  nm  and  ^26 
nm  respectively.  Harvested  nanoparticles  of  LiNb03  and  BaTi03  were  capped  with  1  wt.  % 
oleic  acid  to  prevent  aggregation  and  reduce  the  inter-particle  interactions  [16]. 

Two  distinct  ferroelectric  liquid  crystalline  mixtures  exhibiting  different  spontaneous 
polarizations  were  selected  for  this  study.  The  first  FLC  is  with  the  acronym  LF4.  LF4  com¬ 
prised  of  phenyl  pyrimidines  compound.  The  components  of  the  FLCs  are  shown  below 


2m+1 


with  weight  concentrations  for  m  =  8,  n  =  10  of  43.3%,  m  =  9,  n  =  8  of  33.3%  and  m  =  8, 
n  =  8  of  23.4%.  The  LF4  mixture  exhibited  75:25  wt.  %  ratios  of  mesogenic  compound  and 
chiral  component  respectively.  Terphenyl  is  used  as  a  chiral  dopant  in  the  prepared  FLC 
mixture,  with  two  chiral  C5HnCH*(CH3)-OCO  groups  in  the  p,  p'  positions,  the  chemical 
structure  of  chiral  dopant  is  specified  in  [6,7].  In  comparison  the  same  ratio  of  2-(4'-alkoxy- 
phenyl) -4-alkyl-pyrimidines  were  used  for  the  FLC  described  in  [7],  but  the  ratio  of  2-(47- 
alkoxy-phenyl)-4-alkyl-pyrimidines  and  same  chiral  terphenyl  compound  compared  to  [7] 
was  only  90:10  leading  to  much  lower  values  of  Ps.  The  chemical  composition,  structure  and 
acronym  used  for  the  second  FLC  ( LNSM6 )  have  been  previously  reported  in  [6].  For 
LNSM6  the  ratio  of  mesogenic  compound  and  chiral  component  was  79:21  wt.  %.  To  do  this 
work  we  used  in  both  cases  FLC  mixtures  with  higher  amount  of  chiral  dopant  leading  to 
higher  Ps  compared  to  [6,7]. 

The  phase  sequence  of  ferroelectric  mixture  LF4  is  (heating  cycle)  25.0°  C  -  SmC*  - 
65.4°C  -  SmA*  -  69.8°C  -  Iso  (onset  of  the  SmC*  phase  may  be  at  <25.0  °C)  [7].  The  phase 
sequence  for  LNSM6  is  gl  (10.8° C)  SmC*(79.1°C)  SmA*(82.1°C)  Iso  [6]. 

In  order  to  prepare  nanocolloids,  harvested  LiNb03  with  oleic  acid  capped  nanoparticles 
were  dispersed  in  heptane.  The  mixtures  were  sonicated  until  they  became  homogenous 
(visually  examined).  Further,  0.01  and  0.1wt%  LiNb03  nanoparticles  were  dispersed  in  the 
LF4  mixture.  The  colloidal  mixtures  were  heated  until  full  evaporation  of  the  heptane. 

A  similar  procedure  was  followed  to  obtain  the  LNSM6/ BaTi03  nanocolloids  by  using 
chloroform  as  a  dispersion  medium.  The  percentage  of  the  BaTi03  particles  was  0.013wt% 
in  the  colloidal  mixture. 

The  detailed  procedure  for  cell  preparation  is  given  elsewhere  [6,7,17,18].  The  cell  thick¬ 
ness  ^2  /zm  was  maintained  for  LF4/ LiNb03  and  LNSM6/ BaTi03  nanocolloids  experiments 
by  using  ball  spacers.  LF4/ LiNb03  nanocolloids  were  studied  in  the  planar  cell  prepared  by 
rubbing  the  polymer  films  50  times  in  one  direction.  While,  LNSM6/BaTi03  nanocolloids 
were  studied  in  the  20  times  and  50  times  rubbed  planar  cell. 

In  order  to  study  the  effect  of  varying  the  polymer  layer  thickness  on  the  various  parame¬ 
ters  of  FLCs  three  solutions  with  5,  15  and  25%  wt%  Nylon  6  in  2,2  ,2  -  trichloroethanol 
were  prepared.  The  solutions  with  different  polymer  concentrations  were  spin  coated  at 
3500  rpm  for  three  minutes  on  the  ITO  coated  glass  plates  to  obtain  films  of  different  thick¬ 
ness.  Thicknesses  35  nm,  78  nm  and  142  nm  were  measured  for  the  films  deposited  from  the 
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solutions.  Varying  the  polymer  layer  studies  were  done  in  50  times  rubbed  planar  cells.  The 
cell  thickness  for  varying  the  polymer  layer  studies  was  fixed  ^3.5  /zm. 

We  carried  out  all  characterizations  in  the  heating  cycle.  A  setup  including  a  He  -Ne  laser 
at  a  wavelength  of  A  =  632.8  nm,  a  rotating  table,  a  Linkam  LTS  350  hot  stage  attached  con¬ 
trolled  with  a  Linkam  Cl  94  temperature  controller  (with  an  accuracy  ±0.1  °C),  a  function 
generator  HP  33120A,  and  a  digital  oscilloscope  HP  Infinium  were  used  for  measuring  the 
electrooptic  parameters.  The  frequency  and  the  strength  of  the  bipolar  rectangular  electric 
field  used  for  all  of  the  electrooptic  measurements  were  3  Hz  and  10  W/xm,  while,  15  V//im 
was  used  for  polarization  measurements.  The  accuracy  for  the  switching  time  was  ±1  /zs,  for 
tilt  angle  ±1°  and  for  the  Ps  ±1  nC/cm2.  A  reverse  current  technique  with  a  triangular  wave 
electric  field  was  used  for  the  Ps  measurements  [19].  Dielectric  measurements  were  carried 
out  using  an  impedance  analyzer  4 192 A  (frequency  range:  100  Hz  to  1  MHz,  probing  volt¬ 
age:  100  mV). 


Results  and  discussion 
Case  1-  LF4  /LiNb03  nanocolloids 

The  thermo -optical  texture  measurements  of  the  LF4/LiNb03  nanocolloids  were  carried  out 
in  order  to  check  the  alignment  quality.  Well  aligned  optical  textures  (not  shown  here)  were 
observed  for  0.01  wt%  and  0.1  wt%  LF4/LiNb03  nanocolloids  reflecting  the  dopant  was 
homogenously  dispersed  in  the  FLC  matrix.  No  noticeable  change  in  the  transition  tempera¬ 
ture  after  the  addition  of  nanoparticles  could  be  registered,  which  also  suggested  the  homo¬ 
geneity  of  the  nanocolloids. 

The  temperature  dependent  electro-optic  parameters  for  the  undoped  LF4  and  LF4/ 
LiNb03  nanocolloids  are  presented  in  figure  1  (a,  b  &  c).  No  significant  change  was  observed 
in  the  tilt  angle  for  nanocolloids  at  either  concentration  (0.01  and  0.10  wt.  %)  (Fig.  1  a)  com¬ 
pared  to  the  undoped  LF4  which  indicates  that  the  dopant  LiNb03  did  not  perturb  the  smec¬ 
tic  layers  of  LF4.  On  the  other  hand,  a  significant  change  has  been  seen  in  the  switching  time 
(r)  with  increasing  dopant  concentration  (0.01  to  0.10  wt%)  as  depicted  in  the  figure  1  b. 
About  45%  reduction  has  been  observed  for  the  higher  dopant  concentration  compared  to 
the  undoped  LF4.  The  Ps  also  follows  the  same  trend  as  r.  A  decrease  in  Ps  with  increased 
dopant  concentration  is  evident  from  the  figure  1  c.  However,  the  reduction  in  Ps  is  not  as 
prominent  as  for  x. 

Considering  these  results  it  is  reasonable  to  say  that  doping  of  LiNb03  strongly  influence 
the  electro-optical  parameters  particularly  r  and  to  some  extend  Ps.  A  probable  reason  could 
be  an  increase  in  the  localized  electric  field  in  nanocolloids.  The  localized  electric  field  Eioc 
for  undoped  FLC  and  FLC/LiNb03  nanocolloids  can  be  estimated  by  using  the  relation 
Yep  =  x  P sEioc  (where  y ^  is  the  rotational  viscosity).  The  calculated  magnitude  of  Eioc  for  the 
undoped  LF4  and  0.01  and  0.1wt.%  LiNb03  doped  nanocolloids  are  30.0,  36.4  and  61.0  V/ 
lim  respectively.  Such  an  increase  in  the  Eioc  with  LiNb03  doping  can  be  understood  via  ion 
capturing  on  the  surface  of  LiNb03  nanoparticles  which  significantly  hinder  the  migration 
of  the  ions  to  the  walls  of  the  cells.  The  complete  model  for  such  a  phenomenon  has  been 
earlier  reported  for  FLC/LiNb03  nanocolloids  [7].  Trapping  of  ions  and  an  increase  in  the 
localized  electric  field  allows  for  a  faster  the  switching  time,  while,  the  decrease  in  the  Ps  is 
attributed  to  the  anti-parallel  coupling  among  harvested  nano  particles  and  the  LF4 
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Figure  1.  Temperature  dependence  of  (a)  tilt  angle,  (b)  switching  time  (r)  and  (c)  spontaneous  polariza¬ 
tion  (Ps)  for  non-doped  LF4  and  LiNb03/LF4  nanocolloids. 
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molecules.  Another  reason  is  that  the  capturing  of  ions  can  also  screen  the  net  dipole 
moment  and  hence  reduces  the  Ps  [7].  Such  effects  are  well  established  for  many  FLC  nano¬ 
colloids  and  have  been  explained  by  considering  a  different  transport  mechanism  at  the 
interface  [7,17,18].  In  general  what  has  been  presented  in  [7]  tilt  angle  (independent), 
switching  time  (decreased  by  increasing  amount  of  dopant),  spontaneous  polarization 
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(slightly  decreased  by  increasing  the  amount  of  dopant)  are  in  good  agreement  with  the  pre¬ 
sented  results.  This  means  the  tendency  of  changing  the  electrooptic  parameters  does  not 
depend  on  the  absolute  value  of  Ps  for  the  given  FLC  nanocolloid  resulting  in  a  partially  anti¬ 
parallel  dipole  compensation. 

The  frequency  dependent  complex  permittivity  (s'  and  s")  for  the  undoped  LF4  and  0.01 
and  0.1  wt%  nanocolloids  is  shown  in  figure  2  (a,  b).  A  significant  decrease  of  about  50%  in 
the  dielectric  constant  for  LF4/ LiNb03  dispersions  compared  to  undoped  LF4  can  be  seen. 
For  0.01%  doping  concentration  the  s'  is  gradually  different  compared  to  0.01%  presented  in 
[7].  Presumably  the  ions  are  more  strongly  captured  due  to  higher  values  of  Ps  in  the  LF4 
nanocolloids  compared  to  those  in  [7].  Similarly,  the  strong  reduction  in  the  absorption 
maxima  has  also  been  seen  with  doping  concentrations  (0.01  and  O.lwt  %),  viz.  s”  maxima 
reduced  from  6  to  «  2  compared  to  undoped  LF4.  For  FLC/LiNb03  0.01%  compared  to  [7] 
this  is  slightly  different  due  to  higher  ion  capturing  because  of  larger  Ps.  Well  defined 
absorption  peaks  seen  in  the  kHz  range  for  the  undoped  LF4  and  nanocolloids  are  due  to  the 
collective  contribution  of  Goldstone  mode  process  (Fig.  2  b). 
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Figure  2.  Frequency  dependence  of  (a)  dielectric  permittivity,  (b)  absorption  strength  for  non-doped  LF4 
and  LiNb03/LF4  nanocolloids  at  temperature  30°C. 
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Case  2-  BaTi03  /  LNSM6  nanocolloids 

As  introduced  above,  BaTi03  with  an  average  diameter  26  /xm  were  studied  by  performing 
electrooptic  and  dielectric  experiments  using  the  FLC  mixture  LNSM6  [6].  For  the  current 
experiment  we  wanted  to  study  the  influence  of  the  number  of  rubbing  cycles  done  by  hand 
on  the  polymer  layer  Nylon  6  with  a  Nylon  cloth.  The  motivation  for  doing  so  was  to  answer 
the  question  is  there  in  general  an  influence  of  the  rubbing  cycles  above  a  certain  number  on 
the  electrooptic  and  dielectric  parameters  and  furthermore,  does  there  exist  a  special  effect 
due  to  ferroelectric  nanoparticles.  It  is  well  known,  50  times  repetition  by  hand  is  generally 
considered  as  the  gold  standard.  Here  the  effect  of  commercial  rubbing  by  using  a  machine 
will  not  be  considered. 

The  temperature  dependences  of  the  Ps  for  0.013  wt  %  LNSM6/ BaTi03  with  26  nm  (aver¬ 
age)  diameter  nanoparticles  measured  in  different  but  analogously  prepared  cells  manufac¬ 
tured  with  20  times  and  50  times  rubbing  by  hand  in  parallel  manner  are  presented  in 
figure  3.  Ps  for  50  times  rubbing  agrees  with  the  data  presented  in  Ref.  6  while  those  for 
20  times  have  reduced  Ps  values  compared  to  50  times  rubbing.  The  observation,  that  both 
Ps  and  r,  not  shown  here,  are  increased  by  a  larger  number  of  rubbing  cycles  could  be 
explained  on  the  basis  of  both  weaker  alignment  during  20  times  rubbing  and  the  capturing 
of  ions  in  the  samples  via  less  rubbing.  Change  of  anchoring  energy  W  plays  a  role  too,  dis¬ 
cussed  under  case  3. 

Capturing  of  ions  may  enhance  Ehc  and  hence  reduce  Ps  and  r,  more  for  20  times  rubbed 
than  for  50  times  rubbed.  Less  number  of  ions  in  the  20  times  rubbed  cell  confirm  that  less 
rubbed  surfaces  also  act  as  a  charge  trap  channel  that  can  screen  the  charge  transport  mecha¬ 
nism  at  the  surface  and  decrease  the  influence  of  ionic  contributions.  This  argument  is  fur¬ 
ther  supported  with  dielectric  and  conductivity  measurements. 

Frequency  dependent  dielectric  data  for  0.013wt  %  LNSM6/BaTi03  nanocolloids  mea¬ 
sured  in  different  cell  with  20  times  and  50  times  rubbing  are  shown  in  figure  4  a,  b.  The 
dielectric  constant  is  found  to  be  less  for  the  20  times  rubbed  cell  than  the  50  times  rubbed 
cell.  Similarly,  the  absorption  factor  goes  down  for  the  less  rubbed  cell  (20  times).  The 
observed  effect  is  caused  by  less  alignment  in  the  20  time  rubbed  cell  and  by  the  same  time 
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Figure  3.  Temperature  dependence  of  spontaneous  polarization  (Ps)  for  20  times  and  50  times  rubbed 
cells. 
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Frequency(Hz) 

Figure  4.  Frequency  dependence  of  (a)  dielectric  permittivity,  (b)  absorption  strength  for  20  times  and 
50  times  rubbed  cells  at  temperature  30°C. 

the  limited  availability  of  surface  charges  for  transport  phenomena  at  the  interface  due  to  the 
reduced  amount  of  free  ions.  Furthermore,  the  argument  is  also  supported  by  the  conductiv¬ 
ity  measurement  of  oac ,  where  oac  —  s0£“ol>  with  s0  static  dielectric  constant,  s”  dielectric 
absorption,  co  absorption  frequency.  We  found  less  crac  for  the  20  times  rubbed  cell  ^5.8  x 
10-9  Sm-1  as  compared  to  the  50  times  rubbed  cell  crac  «  6.9  x  10-9  Sm-1. 

Case  3-  Polymer  layer  thickness  dependent  studies 

Based  on  our  own  experience  the  optimum  thickness  of  the  Nylon  6  polymer  is 
between  60  and  80  nm.  In  the  searching  for  the  influence  of  polymer  layer  thickness 
on  the  electrooptic  and  dielectric  parameters  we  used  cells  of  the  same  FLC  thickness 
(«3.5  /xm),  same  rubbing  times  (50  times),  same  polymeric  material  Nylon  6,  but 
changed  the  Nylon  6  polymer  layer  thickness.  The  ferroelectric  mixture  used  for  these 
studies  was  LF4.  The  temperature  dependence  of  electro-optic  parameters  as  a  function 
of  the  polymer  layer  thickness  dependent  experiments  (35  nm ,  78  nm  and  142  nm)  are 
presented  in  the  figure  5  a,  b,  c.  The  tilt  angle  is  stable  within  the  error  bar  as  shown 
in  fig.  5c.  It  was  observed  that  the  switching  time  gets  faster  as  the  thickness  of  the 


8 

Distribution  A.  Approved  for  public  release  (PA):  distribution  unlimited. 


FERROELECTRICS  @  149 


Figure  5.  Temperature  dependence  of  (a)  switching  time  (r),  (b)  spontaneous  polarization  (Ps)  and  (c)  tilt 
angle  for  35  nm,  78  nm  and  142  nm  polymer  layer  thickness  samples. 

polymer  layer  is  increased  while  between  35  nm  and  78  nm  there  is  only  a  small  differ¬ 
ence  within  the  error  bar  (fig.  5a).  The  Ps  shows  a  slightly  adverse  effect  (fig.  5c), 
almost  outside  the  error  bar. 
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Figure  6.  Frequency  dependence  of  (a)  dielectric  permittivity,  (b)  absorption  strength  for  35  nm,  78  nm 
and  142  nm  polymer  layer  thickness  samples  at  temperature  30°C. 
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The  effect  of  the  thickness  of  the  polymeric  layer  is  similar  to  the  repetitions  of  rubbing 
cycles  (Case  2)  directly  related  to  the  change  of  the  surface,  with  other  words  to  the  change  of 
the  electrical  potential  at  the  surface.  Different  layer  thicknesses  lead  to  a  different  surface 
potential.  Rubbing  influences  the  surface  in  forming  grooves  and  uploading  the  surface  due  to 
an  electrical  potential  leading  to  alignment  of  next  layers  of  liquid  crystals  molecules. 

Basically  the  anchoring  energy  W,  usually  between  10-4  and  10-5  J/m2  [20],  is  following 
Ref.  14  inversely  proportional  to  switching  time  x  =  4  d/W  n2,  where  is  the  rotational 
viscosity  and  d  the  cell  thickness.  As  d  is  constant,  one  can  presume  the  anchoring  energy 
increases  with  an  increase  of  the  rubbed  polymer  layer  thickness  leading  to  a  further  reduc¬ 
tion  of  switching  time.  As  a  consequence  for  practical  applications  one  should  fix  the  poly¬ 
mer  layer  thickness  more  or  less  as  constant  near  the  optimum  60-80  nm  for  comparable 
experiments. 

The  dielectric  spectroscopy  results  for  the  samples  having  35  nm ,  78  nm  and  142  nm 
polymer  layer  thickness  are  presented  in  fig.  6  a.b.  The  dielectric  constant  decreases  with  an 
increase  of  the  polymer  layer  thickness  as  evident  from  figure  6  a.  Similarly,  the  absorption 
factor  s"  goes  down  with  an  increase  in  thickness,  fig.  6b. 
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Another  aspect  is  the  increase  of  the  polymer  layer  thickness  suppresses  the  conductiv¬ 
ity  leading  to  decrease  of  dielectric  parameters.  AC  conductivity  has  been  calculated  for 
three  samples  with  35  nm,  78  nm  and  142  nm  polymer  layer  thickness  leading  to  7.8  x 
10~9,  4.0  x  10~9  and  3.2  x  10-9  Sm~l  respectively. 

Conclusion 

We  used  a  very  high-Ps  FLC  (LF4)  for  the  investigation  of  the  LP4/LiNb03  mixture.  In 
agreement  with  former  investigations  using  a  FLC  with  a  lower  Ps  we  could  demonstrate 
that  there  is  always  partially  antiparallel  compensation  of  the  dipoles  of  the  harvested  solid 
state  nanoparticle  with  the  dipoles  of  the  FLC  structure  scaled  on  the  decrease  of  Ps.  The 
switching  time  has  been  reduced  while  the  tilt  angle  is  unchanged.  The  observed  behavior 
may  be  attributed  to  charge  capture  at  the  surface  of  the  harvested  LiNb03  nanoparticles, 
which  increases  the  localized  electric  field  P/oc. 

Cell  parameters  have  pronounced  influence  on  the  medium  FLC/nanocolloid,  studied  on 
the  LNSM6/ BaTi03  system,  where  LNSM6  showed  an  average  Ps.  Different  amount  of  rub¬ 
bing  procedures  influences  electrooptic  and  dielectric  parameters  to  a  strong  extent:  an 
increase  of  rubbing  cycles  leads  to  a  slight  increase  of  both  switching  times  and  Ps. 

Rubbing  forms  grooves  into  the  polymer  layer,  but  also  upload  the  polymer  layer  with 
electrical  charges  leading  to  an  increase  of  the  anchoring  energy.  The  anchoring  forces  are 
strongly  influenced  by  the  thickness  of  the  polymer  layer  lowering  the  switching  time  by 
increasing  the  polymer  layer  thickness.  This  has  been  demonstrated  for  the  high-Ps  FLC  LF4. 
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